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AN ANSORPTION METHOD FOR THE EXTRACTION OF KRYPTON AMD XENON
Part 1

Ve G Fastovekiy,

Lab of Rare Gased,
Alle-Union Fleetro=Tech Inst
submitted 19 Mareh 1939

Tho ravest components of the air == krypton and xenen == have in recent
yeart acquired tramendous practical importance, due 4o thoir high atonlc
welght, inertness, and low heal eonduetivity.

The remarlable growth of the teehnology of gan 1iquifnction, on whieh
the hydrogen and nitrogen industries are prineipally based, and the 1liqui-
'nation of coking £as nave created tha prerequieltes for obteining krypton
(Kr) and xenon (X) in plgniticant quantities, and this has boen widely ro=
y1ncted in practicos used abroad.

In tho process of the exbraction of Kr and X [rom air (NOTE: A des=
oription of this process is outside the bounds of the progent roport) oxy-
gon 1o obtained which containg Kr and X in amounts of 0,1 to 0.3% and to-
gother with insignificant admixtures ol argonj this oxygon, whieh we refor
to 4n tho ensulng account as & concantrate, contning 1000=3000 times a6 paeh
Kr and X as the Tnltinl pagy LeCey alre

The reprocasning of Lhis concentrate into pure Kr and X reprosents &
gerious gochnological problom; 14 1o conceivable to uge the mothod of burne
inr hydrogen with the noncentrate and gubguquantly gaparating krypton 'and
xenon’ from the corbuation produets (NOTEs We are developing & mathod of
this types, It seems pogsible to smploy ‘the nethod of subsequent distilla=
tion of the soncentrate with the purpose of obtaining a liquid phagse en=
riched in Kr and X)

The presunt investipation 16 pupsuing a gbrictly practical aim: to as=

cerboin the possibi]ities and the optimun conditions for the reprocessing of
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the eeneentrate by the adgorption nethod with the geal of obtaining theee
gages (Kr and X) in the pure forms
In principle it ie fully possible to pase the eold gonaentrate directly
from the distillation o¥ washing aolumn through an apparatus filled with some
kind of adgorbent (aativa‘ted earben, silica gel) for the purposge of effect=
ing vetention by adgorption of the hipgh=bolling, heavy components krypton and
wenon (NOTE: In the rest of this account we willl refer only to krypton, al=
though all concluaiens relating to krypton are definitely applicable to
xonon)s A gimilar mothod for the separation of gaseous nixtures by the
method of fractional adaorotion a8 based on the well=lnown relation vhich
can bo oxpresoed in the Lollowing mauners tne mere the comporients of the
gacoons mixture to be geparated affer from ench other as far ad their phys-
jonl properties (boiling point, critical temperaturd, and atomle welght) are
concerned, the cogier and gimpler it 19 t,0 separale puch a rixture. This
relation; true for any method of separaling & gayeous mixture, 18 also con=
pletely applicalle 4o ‘the adsorption mothods
Large=serle and extremely interesting investipations on the adsorption
of rare gases by activated carbon have been carried out by K. Peters and Ke
Well, whose works we shall gubnit to exandnation belows We will note that
k. Pators and We Lomar L 17 showed the method of fractional adsorption 10
be capable of oftecting the goparation of isotopess
It is well known that for the determination of the optimum technologi~
col conditions of separation of any gaseous mixture it is necessary Lo have
data on the adsorpbion value of ‘the individual components of the mixture un=
der consideration. In accordance with the composition of the gaseous mix=
ture (concentrate) which was of interost to usy we conducted adsorption measg=
urements with gilica gel on 02, Ar, and Kre
Tn Figure 1 18 ghown the diagram of the apparatus for investigation of
s | the adsorption of gasess
i The gas being gtudied ls located in the glassy cylinders A or A'.L' The

gas from the cylinders goes into the graduated burette B, and ite pressure
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1g recemled by the manometer G. Then, with the bureite being used ag a mer=

oury pump of the Toepler type, the gas is compreseed into the adsorber E
which i placed in a Dewar flack containing a cooling mixture of ligquid ni=
trogen and aleohols The pressure in the adsorber which le esteblished on
the ecmpletien of the adserptien procece is recorded by the manometer cl.
&mall pressures on the adsorbent are recorded by the Macleod manometer D.

Prior to the beginning of the experiments the whole apparatus 1t care=
fully evacuated, and the silice gel i warmed up and subsequently evacuateds
The volumes of the input line and the inactive space in the adsorber F were
corefully determined by filling the eoparate parts of the apparatus with hole
1um.

We obtained pure oxyren by heating KMnOh. Argon was obteined by dis-
t1lling tho argon=nitrogen mixture 1“2;7 and subsequontly adsorbing the re=
maining nitrogen with powdered metallic calecium., The purdity of the oxygon
and nitrogen was determined by welghing these gasea with a balancae of the
Stock and Ritter type 173_7, tha density of the cxygen (relative to alr) be=
ing equal to ll, and the density of argon = 1,376 (the density of pure ar=
gon is 1.38).

It was a more complicated matter to obtain pure krypion; the Kr=X mix=-
ture which we obtained was subjected to partial distillation for the purpose
of decressing the content of xenon in the pas. The krypton teken for subse=
quent investigations possessed & density of 2,85, which corresponds to the
following composition of the gas: 98% Kr and 2% X (the density of pure kryp-
ton relative to alr is 2.82).

We conducted measurements at temperatures from =55 to =120°, The tem=
perature during the process of taking an isotherm varied within limits of
1-2°, Temperature measurcments were taken with a copper=constantan thermo-
couple set directly in the adsorber E. The weighed in portion of adﬁBrbent
i was 2.8 g

In Tables 1, 2, and 3 are shown the resulis of our measurements.
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Here p is the equilibrium preassure in the adserber and a is the value
of adsorption in ou om. When there is a simple linear dependence between p
and a)tha value a/p (column 3) mugt remain constant.

Thua Lambert and Peel, having gtudied the adsorptien of nitrogen and
exygen by eilica gel al 0°, showed that fov this temperature down 10 700=
800 mm Hg the relation a/p remained oonstant. Unfortunately, these suthors
d4d not ocarry out measurerente at low proeasures (their measurements begin
approximately with 100 nm Hg), whieh doeo not pernit eenclnaiens to be drawn
about the character of the whole ilmothexm (0*)

The reswlts of our measurements are presented graphicallys tho adosrp=
tion isothermn (=55°) for Kr, Ar, and O, in Figure 2j and in Figures 3 and N
tho corresponding ones for =93° and -120°,

At a temperature of =E5°, tho adsorptien of Ar ad 0, has a practically
1inear charactor, but this by no means applics in the casé of Kre’ At lower
temporatures this relation becomes extremely complicoted for all the compo=
nents of interest to uc (Ar, 02, and Kr). In a definite pressure renge (to
200-300 mn Hg) this rolationship is satisfactorily expressed by Freidlich's
pornbolie equation:

g = N op/P (1)

. whera a 1g the adsorbed quantity of gasy p is tho pressure over the adsor=-
bent, and K and 1/n are constents. The dependence between a and p in the
coordinate system lga/lgp hag & linear character and permits an easy graphic
determination of the constants O\ and 1/n.

Let us turn to a consideration of the basic problem of the present in=-
vestigation: to a consideration of the determination of the optimum condie=
tions for separation of the gaseous mixture (concentrate) in which we are T
interested.
% The basic factors of this process for the separation by adsorption of
. @ the gaseous mixture are as followst 1) the method for reprocessing the gas=
1 oous mixture (fractional adsorption or fractional desorption); 2) tempera=
2 ture; 3) pressure; L) quantity of adpfrbent; 5) mutuval effect of the com=
ponents of the gaseous mixture as roflected on the adsorption process (1t is
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known that the presence of one cmupoI!ALma an effect on the amount of ade
gorption of another compenent); 6. adeorbent (activated earboen, silice
gel),

Let ug attempt to elucidate the influenne of each of the factors enue
nerateds Fraotional adsorption ie in essence tho paasing of a gaseous mix-
ture continuously through an adserbent and subsequently decorbing the ad=
corbed portien of the gas. IFrom the engineering and productien point of
view this method ls extremely attractive, since with & suitable system for
gwitehing over the lines it ie possible to produce a continuoue flow of gas
with an insignificant quantity of adsorbent. However, such a process of dy=-
naile adsorption can lead to a considerable loss of krypton, for the higher
the bolling point of a component and the lower the temperature of the ad=
sorbent, tho longer the time necessary to reach adsorption equilibrium.

In the investigation of tho adsorption of rare gasos ZTEL7 we had the
opportunity to satisfy ourselves that in a given temperature range the ad-
sorption equilibiium for helium and neon is reached very quickly, while for
heavy rare gases the process continues for a long time. This circumstance
in the use of dynamdc fractional adsorption requires a very low velocity of
gas flow, and this is negatively reflected in the dimensions of the adsorp=~
tion apparatug.

There 1s no doubt that from the point of view of reducing losses of
krypton it is preferable to use the method of fractional desorption: the
given adsorber is saturated up to a certain pressure with the concentrate,
and then the process of fractional desorption is accomplished with a vacuum
pump. Such a method, when the correct thermal conditions are chosen, not
only permits all the oxygen and argon to be separated from the adsorbent, but
also permits the residual gas (Kr and X) to be o' tained in the pure form,
without substantilal losses.

The practicel question arises as the whether the process of fractional
desorption should be carried out by the gradual heating of the adsorbent or
by the evacuation of the adsorbent at a constant temperaturs. The experi-

ence of our work and the investigations of XK. Peters and K. Well [—QJ7 show
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that in order to effectively separate the gaseous mixture and ebtain krypten

ard xenon in the pure form the adsorber should be evacuated at the selected
adeorption preseure (see below) down to a limiting low pressure and the re=
eldusl pas separated by heating the adsorbent.

The temperature factor is of decisive irportence for effactive separa=
tlon of the gaseous mixture by the adsorption methods Investigations on ade
sorption of gases showe that within a speolfied temperature interval the ad=
sorption takes place reversibly (not in the thermodynamic sense of the word),
l.e4, the curves of adsorption and desorption fully coinoide. We conducted
aindlar exporiments with helium and neon at the temperature of liquid nitro=
genj for helium the adsorption and desorption ocurves were fully coineident,
but for neen they showed an insignificant divergence.

The fact that the process takes such & course deprives us of the oppor=
tunity to separate the individual fractions in their pure form in the de=
sorption /7 7. llowever, as the researches of K. Peters and K. Well /76 7
shiowed, there is for each gas a so-called eritical temperature of adsorption;
below this tenperature the adgorption and desorption processes do not pro=-
coed reversibly. This critical temperature of adsorption has a physical
significance which differs little from the ordinary critical temperature of
a given gas,

The facts stated above permit a very important practical conclusion to
be reached: if the process of adsorption of a gaseous mixture is carried
out at a temperature lower than the critical temperature of one gas and
higher than that of another, ithen in the subsequent desorption pure fractions a
will be capable of being separated in a single operation. i

Thus K. Peters [rb_7 shoved that at a temperature of »225° (the criticel E
temperature of neon is =228.8°) a neon-helium mixture could bevcompletely
separated without the formation of intermediate fractions containing neon
and hellum in various proportions.

i The considerations cited have a direct relation to the mixture we are !
| interested in (the concentrate consisting of 02, Ary and Kr). In the given

case we dispose of a sizeable temperature interval (the critical temperature
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of krypten is «63.81", while those of oxygen and argen are respeatively
=118:8 and =222,);") which greatly facilitates the separation of krypten

(and to a gti1) greater extent, of xenon) in a pure states In the light of
whet 1a stated above it 1o olear that the Process of adsorption of the nix=
ture with which we are eoncerned must be carried out in the temperature ine
terval located below the oritical tenperature of krypton and somewhat above
the ordtiocal tenperatures of O.‘, and Are It must be noted, hewever, that une
1ike the oxdinary oritioal. tanperature the critical temporature of adsorp-
tion of a given 8as 18 by no means a Tixed, uwichanging quantity, but depends
on & series of complex faotors: the character of the surface of the adsoye
bent, the method of ite treatment, and the nature of the other components of
the gaseous mixture,

Thue K. Poters /8_7 introduces an interesting example. The investiga-
t.é}- referred to sucoeeded in desorbing at 0° the whole qQuantity of adsorbed
Propane, while in the following experiment there was adsorbed the same quode
tity of propane as well as a certain quantity of butane, Tt appeared that
in the subsequent desorption the whole qantity of propane was geparated not
at 0°, but at =10° » and even at =20°, Here the more volatile component (proe
pans) was displaced from the edsorption surface by the leas volatile, and
this naturally resulted in a shift of the oritical terperature of adsorption
of propane,

In the case with which ¥e are concerned it shovld be expocted that the
adsorbed krypton would contribute to the displacement of ir ang O from the
adsorption sutface and would thereby facilitate the desorption of these gases,

In the separation of 8 gaseous mixture by the fractional condensation
or fractional evaporation methods the vapor tensions of the components of the
mixture are of bagie importance, By analogy, when the gaseous mixture is be-
ing separated by adsoxption, the pressures over the adsorbent (the unadsorbed
phase) which correspond to a given value of adsorption (1sostere) should be
compared for a series of temperatures ang the components of interest to us.

In Table ) are cited the respective dats from cur experiments for ade
sorption values equal to 2y by 6, 9, and 12 cu om of gas,

It is evident that the greater the ratio of the Pressures in the unad-
sorbed phase%i‘ the components which ave of interest to us, the more
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favorable are the eonditions for fractional deserption. This vatio ie indi=
cated by us in the last column of Table L.

let us note that similar caleulationa were carvied eut by K« Peters and
K. Well /767 for the case of the adsorption of Kr, X, and Ar by activated
carbon; in prinaiple an analogous direction of the proness was ahown,

Ag ls evident from the data oited, lowering of the teomperature and re-
duotion of the magnitude of adsorption per wnit of adsorbent improve the
cenditlons for the separatien of tha gasaous mixture, but in this case the
reolprocal influence of the components of the mixture on the adsorption
process was not taken inte acoount. However, in adapting the process for
production one should not proceed along the linc of the maximum lowering of
temparature and excesslve intreasing of the quantity of adsorbent, for this
will lead to an extreme retardation of the desorption process, to excesslve
loading of the adsorbent with adsorbed 02 and Ar, ond to a considerable in=-
ovease of the inactive space in the apparatus, all of which is undesirable
for operation with such valuable gases as krypton and xenon.

We assune that the optimum temperature for the process of adsorption
and subsaquent desorption must be talen as =120 to =130°,

The influence of pressure on the ratio of the components in the ad-
sorbed phase is presented in Table 5, which we compiled from experimental
datas

Table 5 was made up for a temperature of «100°., As is evident from
the daba cibed, lowering of the temperature increases the relative quantity
of krypton in the adsorbed phase; it must be expected that when the nixture
is adsorbed the ratio of the compenents in the adsorbed phase gives more
favorsble indices for krypton with an increase of pressure.

In Figure 5 are shown the isobars of adsorption of Kr, Ar, and 02.

From these curves, besides the temperature dependence of the amount of ad= |
gorption, it is possible to obtain data on the ratio of components in the j
adsorbed phase for a given isobar (800, 500, 200, 50 mm Hg) and for a given

[ temperaturas
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Comparing the data of K. Feters and Ko Well /767 with the data from
our measurements, it lo easy to reach the cenclusion that in order to adopt
for production the process of treating the concentrate preference muat be
given to activated carbon, and not to eiliea gels The use of aotivated car=
bon permits the volume of the apparatus to be reduced, improves the ratlo of
componants in the adsorptlon phase, and prevents to a greater extent than
does silica gel the locs of krypton during the desorption of the gasd.

Tt has boon chown that when silion gel 1o used at the same temperaturs
of aduorption)the process of adsorption and desorptlon exhibits a greater
degrec of roveraibility than with activated carbon.

The effect of the adsorption of the gaseous mixture on the adsorptien
value of each component and on the desorptlon process has boen much less
gtudiod.

Thus Damkohler [ 9_7 investigated the adsorption of an Ar-N2 mixture
on sillca gel at temperatures of 89.5, 111, and 163° K (100-700 nm Hg), as
a result of which he came to the conclusion that in the first adsorption .
layer preferentlal adsorption of I\I2 took place, but that in subsequent lay=
ers Ar was adsorbed. Depending on the temperature conditions, the partial
pressures of the components in the gaseous phase, and the common pressure
on the adsorbent, an alternate shifting of the Ar and N2 ratio in the ad=
sorption phase takes place.

TFrollich and White [i97 studied the adsorption of a GHh'-Ha mixture.

It seemed that in this case a considerable adsorption of Hy ‘took place abt
ineignificant pressures (1-2 atm), but that at high pressures (60=80 atm)
hydrogen was almost absent in the adsorbed phase.

E. Mavkman and A. Benton /IL/ studied the adsorption of €O end O, on
silica gel (O and 100°), with the result that they discldsed the preferen=

i tial adsorption of the highly volatile CO component. We will mention the

4
v
(;

investigations of R. Lorentz and E. Wiedbrauck [ig7 s A. Magnus and R. Klar
/137, A+ Magnus and He Roth /)7, The latter investigators were occupied
with the study of an 02-}12 mixbure on silica gel and revealed that the ad=-
sorption of 02 in a mixbture with N2 proceeds more vigorously than in the
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cage of pure oXygen, while the adsorptien of pure N2 proceeds more suGCeEE"
fully than from & mixture with 02.

Itvmay be noted that our present wnowledge in the field of the adasorp=
tion of gaseous mixtures does not permit positive judgements in regard to
the effect of ons component on the adeorption of another components

Tt seems probable that for a Kr-02 mixture we ought to expoct a de=
crease of the adeorption value of oxygen, whioh is explained by the well=
known 1law of displacement of the lees adsorbable component (02) by the move

adsorbable (Kr)e

Qonclusions

1. It has been shown possible to apply the adsorption'method to the
separabion of kryptorjand xenon from a concentrates

2. Measurements have been cited on the adosrption of 02, Ar and Kr
by silica gel for temporatures of =55, =93, and .120° and for pressures be=
tween 0 and 1000 mm Hge

3. The basic factors of the process have been disoussed with the pur-

pose of showing its optlmum parameters.
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> g 1: 5 of
T = B T = 92 T = 1200 G = —
pmug | ace | alp Pmug | ace afp PmHg | a o a/p Pam Hg =
5 | o0.1507 | 0.03 3 | o.01 | 0.0339 3 | 1089 | 0.333 :. I >
7 0.1987 | 0,028 0Q2fis6 | 0.032 15 2.27 0,15 - . -
10 | 0.1997 | 0.019 28 | 0.90L | 0.032 36 | K335 i 0.12 il Dol b
8 | 1.05 0.013 61 | 2.132 | 0.032 B3 | 64 0,09 ol ! -
5 | 1.66 o0.011) 81 | 3.307 | 0.040 123 | 8.81 0,07 ot e
2 | 2.56 0.0119 132 | hSHT | 0,03k 168 | 12.0 0.07 : 79:5 e
2719 | 3.9 0.01} 191 | 6.232 | 0.032 300 | 14.57 0.08 = o e
363 | K08 0.011 269 | 8.307 | 0.031 80 | 7.23 0.05 x ez -
- WS | 5.2 0.011 392 | 10.497 | 0.027 636 |19.88 o.:; & | s
. 527 5.31 0.020 18 | 12.60 0.025 802 | 22.66 o.03 - iy -
627 | 649 0.010 o | .1y | 0.023 910 | 28.34 0. .t Lo
736 | 8.08 0.0108 73 | 16,10 | 0.023 1039 | 30.29 0.028 z m:o o2
960 9.87 0,010 9 18.46 :)).0;3!; - g i
‘ ::: ::.:s o:oal y72 285.9 0.605
1148 23.03 0.020 539 323.3 0.6
70 K62.5 0.65
800 635.8 0.79
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. __rﬂ,,.mmlmtﬂwFWWM‘Wm_
Adsorption of Oxygen
1 = -120°
! P Hg ac a/p
3 00723 | 0.02 Ly |. 0.3306 : 0.082 6 1.009 0.168
13 | o.2504 | 0.02 17 | 1.0386 ‘ 0.06 1 2.246 | 0.162
s | o581y | 0.013 by | 2452 0.06 30 3.919 | 0132
206 | 1485 | 0.013 87 | nss  0.052 52 6.391 | 0.123
R 20 | 27964 | 0.013 1 | 7.18 0.05 125 | 13.202 | 0.106
i 318 Le356h 0,013 246 955 0.0 399 29.252 0.073
S 183 | 6.2169 | 0:013 3% | 12.88 0.035 529 | 37.19 007
%l 618 | 817 0.012 506 | 17.55 0.03} 81 | K51 0.053
866 | 9.90 0.011 738 | 214 0.027 913 | 1555 0.06
) n13 |12.80 0,011 979 | 25.06 0.025 s 19.86 0.0i3
1122 28.39 0.025
1295 | 30.70 0.02;
. e
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™

meble L. Adsorption Velues for Different Volumss of Cas

t* P HE ‘mHG ;ﬁ; Kp == AT == O,
55° =150 | 195 60 11342125
: :93° A0 52 10 1152140
«2200° 10 10 - -
-55° 300 360 130 1827423
L

=93 80 120 20 : 116401k4¢0

\ <120 30 25 - -
|
z

g5° L7 555 210 112468243 ‘

$ =93 130 185 3% 115431347
120 50 15 10 1144515

-55° 765 875 360 1:2.);:2.2
| ? «93 215 308 65 11le6130

\ =120 90 90 18 ;ué 1640
i} )

| 55° 1086 875 545 111.681e6

“ . [ ] 01
1 -93 310 308 100 113,053

=120 120 50 23 183491542

in
Table 5. Effect of Pressure on Ratio of Components
' Adsorbed Phase

- - °
Pnm Hg | AT cm3 0, cm3 Kr em3 \ Ap == Kr A
800 21 26,6 51.)4 1'20]‘531.27
500 lhoa 1908 hO.B 1!2077!103h
00 Te9 10,2 2346 11249811429
‘ 2 .
| 1!501’105
2 3 10,2
. ~| 50 \
- BUN-D =
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T

Table 16. Effect of Temperature Fluctuations on the Mechanical Strength of Products Graphitized at 2200°.

Fo Kind of material. Limiting stress = compression strength in g/
a b c
2 50% of anthracite A ¥ 50% of petroleum coke 146.0 112.0 T1.0
| T Anthracite having a high ash content 13%.0 102.0 -




